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To support the use of nuclear power as a sustainable electric energy generating technology,
long-term supply of uranium is very important. The objective of this research is to
investigate the use of new adsorbent material for cost effective uranium extraction from
seawater. An activated carbon-based adsorbent material is developed and tested through
an electrosorption technique in this research. Adsorption of uranium from seawater by
activated carbon electrodes was investigated through electrosorption experiments up to
300 minutes by changing positive potentials from þ0.2V to þ0.8V (vs. Ag/AgCl). Uranium
adsorption by the activated carbon electrode developed in this research reached up to 3.4 g-
U/kg-adsorbent material, which is comparable with the performance of amidoxime-based
adsorbent materials. Electrosorption of uranium ions from seawater was found to be most
favorable at þ0.4V (vs. Ag/AgCl). The cost of chemicals and materials in the present
research was compared with that of the amidoxime-based approach as part of the engi-
neering feasibility examination.
Copyright © 2015, Published by Elsevier Korea LLC on behalf of Korean Nuclear Society.1. Introduction
Under the concern over greenhouse gas emissions, nuclear
energy is considered important to meet future energy de-
mands. Projection of world nuclear generating capacity until
2035 shows that it will constantly increase to between 44%
and 99% from the present value for low and high energy. Yim).
d under the terms of the
hich permits unrestricte
erly cited.
sevier Korea LLC on behademand scenarios, respectively. Nevertheless, the future of
nuclear energy depends on the sustainability of fuel supply.
Unless breeder reactor technology is widely utilized, the
future of nuclear energy is limited by the availability of ura-
nium. According to the OECD (Organization of Economic
Cooperation and Development) Nuclear Energy Agency and
IAEA (International Atomic Energy Agency), the totalCreative Commons Attribution Non-Commercial License (http://
d non-commercial use, distribution, and reproduction in any
lf of Korean Nuclear Society.
Table 1 e Typical elements in seawater [5,6].
Elements Cations (ppm) Anions (ppm)
Major elements Naþ 10770 Cl 19500
Mg2þ 1290 SO4
2 2650
Ca2þ 412 HCO3
 140
Kþ 380 Br 65
Sr2þ 8 F 1.3
H3BO3 260
Minor elements Liþ 0.18 I 0.06
Rbþ 0.12 MoO42 (as Mo) 0.01
Csþ 0.0004 VO2(OH)32 (as V) 0.002
Ba2þ 0.02 PO4
3 0.07
Zn2þ 0.0005
Fe3þ 0.01
Cu2þ 0.003
Mn2þ 0.002
In3þ 0.02
Ge4þ 0.00007
U6þ as [UO2(CO3)3]
4 0.33
Nu c l E n g T e c h n o l 4 7 ( 2 0 1 5 ) 5 7 9e5 8 7580confirmed uranium reservewas estimated at 7million tonnes,
with an additional 10 million tonnes for speculated uranium
resources [1]. Based on the current uranium consumption rate
of 0.063 tonnes/y, the uranium supply is expected to last for
about 80 years, and up to 250 years if the speculative uranium
resources are taken into account. Additional uranium re-
sources are available from unconventional uranium sources,
such as phosphate rock, but the resources pool is not well
understood [2], and its contribution is not expected to be sig-
nificant enough to meet the long-term future demand. Ura-
nium is also known to exist in seawater. Although the
uranium in seawater exists at a very dilute concentration of
3.3 ppb, the total inventory of uranium in the entire ocean is
greater than the terrestrial uranium inventory: the theoretical
amount of uranium resource in seawater is about 4.5  109
tonnes (U ~3.3 ppb, ocean volume ~1.37  109 km3), which is
roughly 1000 times greater than the estimated conventional
uranium reserves [3]. The uranium in seawater primarily ex-
ists as uranyl tricarbonate complex [UO2(CO3)3]
4 [4] as shown
in Fig. 1, with the presence of other ions at higher concen-
trations. The typical elements present in this complex in
normal seawater are shown in Table 1 [5,6]. Typically, the
linear uranyl group are surrounded by six oxygen atoms of the
three bidentate carbonate groups. The radius of the oxygen
ions at equatorial plane amounts to 4.85 A˚, making it the
largest ion present in seawater [6].
The idea of recovering uranium from seawater was first
introduced in 1960 [7]. Studies on uranium recovery from
seawater primarily focused on the development of high effi-
ciency adsorbent materials that were capable of extracting
uranium in the presence of other ions. Various adsorbent
materials suggested include synthetic polymers [8e13], inor-
ganic materials [14e19], biopolymers [20e23], and carbon-
based materials [13,24e34]. Among them the amidoxime-
based adsorbent is the current state-of-the-art material,
with its affinity in chelating uranyl ions in seawater [35].
However, the cost of extracting seawater uranium using
amidoxime-based adsorbent materials is still very highFig. 1 e Uranyl tricarbonated complex structure
[UO2(CO3)3]
4¡. Reproduced from Ref. [6].compared to that of the conventional uranium mining
method [30]. This is mainly due to poor adsorbent perfor-
mance and high production cost. Recently, use of porous
carbon materials (e.g., activated carbon and mesoporous car-
bon) received attention mainly due to their high efficiency in
adsorbing uranium. Porous carbon materials usually have a
very large internal surface area, large pore volume, tunable
pore size, and are easy to fabricate [31].
In recent studies, use of porous carbonmaterials combined
with the electrosorption technique was shown to have high
selectivity for uranium separation. For instance, uranium
capture by activated carbon fibers from a 50-hour cumulative
adsorption experiment was reported to reach 600 g uranium/
kg activated carbon fibers [32]. This is significantly greater
than the reported capture efficiency of amidoxime-based
adsorbent materials at 2 g uranium/kg adsorbent material
[30]. In addition, oxime-functionalized mesoporous carbon
materials were reported to have high selectivity for the ura-
nium ion in the presence of competing ions [33]. Similar
behavior was also reported for benzoylthiourea-grafted acti-
vated carbon [34]. While these interesting performances were
noted for carbon materials under different conditions, the
ability of carbon materials in seawater has never been tested
[36].
The objective of this research is to investigate the perfor-
mance of porous carbon materials for electrosorption-based
separation of uranium from seawater. Electrosorption is a
potential-induced sorption technique based on applied
voltage to force charged species (ions) to move towards
oppositely charged electrodes. The mechanism behind elec-
trosorption is based on electrical double layer formation, with
the formation of a region that increased the accumulation of
counterions, while coions are driven away from the electrode
[37]. The selectivity of ions in electrosorption depends on the
surface properties of the electrode and properties of the ion
[38]. Both the size of the ion and the pore size of the electrode
will contribute to the selectivity process. Since uranium is one
of the largest ions in seawater [6], the electrosorption
approach is expected to increase the selectivity of uranium
ions to be adsorbed by the activated carbon electrode.
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2.1. Fabrication of activated carbon electrode
In this study, the carbon-based adsorbent material was
fabricated using activated carbon powder. A carbon slurry
was prepared by mixing activated carbon powder (DARCO
100; Sigma Aldrich, St Louis, MO, USA) with polyvinylidene-
fluoride (PVdF, M.W. ¼ 534,000, Sigma Aldrich) in an N,N-
dimethylacetamide (DMAc, 99%; Alfa Aesar, Ward Hill, MA,
USA) solution. The PVDF polymer content was 50 wt% of the
activated carbon electrode. The carbon slurry was coated
onto stainless steel gauze (40 mesh woven with 0.25 mm
diameter wire, Type 304; Alfa Aesar) and dried in an 80C oven
for 6 hours to form a carbon electrode. The carbon electrode
was further dried in an 80C vacuum oven for 2 hours to
remove all the organic solvents remaining in the micropores
of the electrode. In order to avoid oxidation of the stainless
steel gauze during the electrosorption process, the top of the
dried activated carbon electrode was coated with thermo-
plastic adhesive (ethelyne vinyl acetate), to act as insulation
material.2.2. Characterization of fabricated activated carbon
electrode
The pore structure and specific surface area of the carbon
electrode were evaluated by a surface area and porosity
analyzer (Tristar II 3020; Micromeritics Inc., Norcross, GA,
USA). The BrunauereEmmetteTeller (BET) method was used
for the measured nitrogen adsorption/desorption data ob-
tained at a relative pressure of p/po ¼ 0.99. The surface of the
activated carbon electrode was observed using a scanning
electron microscope (SEM S-4800; Hitachi, Tokyo, Japan) to
determine the physical structure of the fabricated activated
carbon electrode.2.3. Batch-mode electrosorption experiment
The batch-mode electrosorption experiments were carried
out using a potentiostat (SP-150, Bio-Logic) with three elec-
trodes, as shown in Fig. 2. The working electrode used in ex-
periments was the fabricated activated carbon electrode.Fig. 2 e Schematic diagram of electrochemical cell used in
electrosorption experiment.About 0.1 g of activated carbon was used to fabricate the
electrode for each batch-mode experiment. Ag/AgCl (RE-1S;
Bio-Logic, Grenoble, France) was used as a reference electrode,
while the platinum wire (A-002233; Bio-Logic) was used as a
counter electrode. The temperature of the seawater in the
electrochemical cell was controlled at 25C using a heating
mantle. The electrosorption behavior of the fabricated acti-
vated carbon electrode was investigated through electro-
sorption experiments, which were carried out at various
positive bias potentials ranging from þ0.2V to þ0.8V (vs. Ag/
AgCl). The durations of the electrosorption experiment were 5
minutes, 15 minutes, 30 minutes, 60 minutes, 120 minutes,
180 minutes, and 300 minutes.2.4. Analytical technique
The seawater used in the experiments was obtained from
Sigma Aldrich (S91418). The origin of the seawater was from
the Gulf Stream of Dauphin Island in the Gulf of Mexico. The
pH of the seawater was determined to be pH 7.96 by using a
pH/ion meter (F72; Horiba Scientific, Kyoto, Japan). The ion
concentrations in the seawater before and after the electro-
sorption process were determined by using several analytical
instruments. Quantitative analysis of Na, Ca, Mg, K, and Sr
was performed by using an inductively coupled plasma optical
emission spectrometry (ICP-OES, iCAP 6300 Duo; Thermo
Scientific; Waltham, MA, USA). Uranium ion concentrations
were determined by using inductively coupled plasma mass
spectrometry (ICP-MS, 7700s; Agilent, Santa Clara, CA, USA).
The detection limit of uranium for ICP-MS at He-mode was
0.01 ppt. The seawater sampleswere diluted ~20 times prior to
the analysis with two replicate measurements to quantify
uranium content in the samples. The quantification was
based on using a seven-point calibration curve in the range of
1.0e10.0 ppb. The calibration curve was developed by using
uranium standard samples (ICP-MS-66N-01X-1; AccuS-
tandard, New Haven, CT, USA) prepared at different concen-
trations. To study the electrosorption selectivity between
chloride and uranium ions, chloride ion concentrations in the
seawater were determined using ion chromatography, (ICS-
900; Thermo Scientific) and an ion selective electrode
(BHR656010C chloride electrode; Horiba Scientific). Two mea-
surements were taken during the analysis against 5-point and
6-point calibration curves for ion chromatography and the ion
selective electrode, respectively. The calibration curves were
in the range of 1.5e62.0 ppm and 100e20,000 ppm for ion
chromatography and ion selective electrode, respectively.
Comparison of the uptake between chloride ions (Cl) and
uranium ions [UO2(CO3)3]
4 was necessary in order to study
the electrosorption selectivity, because Cl is a dominant
anion species in seawater compared to [UO2(CO3)3]
4. Initial
concentrations of some major elements in seawater before
the electrosorption experiments are given in Table 2.2.5. Determination of uranium adsorption efficiency and
uptake
The adsorption efficiency of uranium (Uremoval) at time t, were
determined using the following equation:
Table 2 e Concentration of some major elements in the
tested seawater before electrosorption experiments.
Elements Concentration
(mg/L)
Analytical
instruments
Sodium (Na) 10,300 ICP-OES
Strontium (Sr) 7.3 ICP-OES
Potassium (K) 310 ICP-OES
Calcium (Ca) 400 ICP-OES
Uranium 0.003 ICP-MS
Chloride 19,500 IC, ISE
IC, ion chromatography; ICP, inductively coupled plasma; ISE, ion
selective electrode; MS, mass spectrometry; OES, optical emission
spectrometry.
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where Co and Ct are the uranium concentration in seawater
(mg/L) before and after (at time t) the electrosorption experi-
ment (mg/L), respectively. The adsorbent performance was
estimated by calculating the amount of uranium uptake per
unit mass of activated carbon electrodes from Eq. (2).
mu ¼ C0  Ct  VW : (2)
where V and W are the volume of seawater (L) and mass of
adsorbent used (g) at time (t) respectively.
2.6. Chemical and material cost assessment
The annual requirement of activated carbon was estimated
using Eq. (3) as follows:
ACreq ¼ Upmu  C (3)
where ACreq, and Up are the activated carbon requirement
(tons/year) and the desired amount of uranium (kg-U/year)
respectively. The value of uranium uptake (mu) used in Eq. (3)
was obtained as 3.4 kg-U/Ton-AC through the electrosorption
experiment. Several values (1, 3, 6, 10 and 20) were chosen to
evaluate the effect of adsorbent cycle (C) on the adsorbent
production cost. Annual requirement of PVdF (PVdFreq), NND
(NNDreq), and stainless steel gauze (SSreq) were estimated
using Eqs. (4)e(6) as follows:
PVdFreq ¼ CPVdF ACreq (4)Table 3 e Parameters used in the calculation of chemical and m
Parameter Values
Up 1,200,000 kg/y Desired amount of u
mu 3.4 kg U/ton-AC Value obtained from
C 1, 3, 6, 10, and 20 Adsorbent use cycle
CPVdF 0.5 ton PVdF/ton AC PVDF content was 50
CNND 1.5 ton NND/ton AC NND content was 1.5
CSS 500 m
2/tons AC SS requirement was
Lss 100 times Stainless steel gauze
AC ¼ activated carbon; NND ¼ N,N-Dimethylacetamide; PVdF ¼ polyvinyNNDreq ¼ CNND ACreq (5)
SSreq ¼ CSS ACreqLSS (6)
where CPVdF, CNND, and CSS are the coefficients obtained from
the fabrication of activated carbon electrodes for each used
material, and Lss is the number of recycles (lifetime) of the
stainless steel gauze material used. The value of Lss was
assumed to be 100 because the electrosorption process does
not present harsh environment (i.e., no significant changes in
temperature or physical stress to the material). The surface
area of the stainless steel was also covered with adsorbent
material (activated carbon), which prevents direct contact
with seawater. The values used in the estimation of chemical
and material costs are summarized in Table 3.3. Results and discussion
3.1. Characteristic of activated carbon electrode
The pore structure area of the carbon electrode determined by
a nitrogen adsorption/desorption isotherm is shown in Fig. 3.
The pore size distribution of the activated carbon electrode
was derived from the adsorption branch of the isotherm,
based on the BarreteJoynereHalenda method as shown in
Fig. 4. The BET surface area, total pore volume and pores size
for activated carbon powder, and activated carbon electrode
as estimated from the experiment are given in Table 4. The
BET surface area of the fabricated carbon electrode was
significantly reduced, to 50 m2/g, compared to that of the
activated carbon powder (1,024 m2/g). This indicates that the
PVdF polymer used to bind the activated carbon particles is
effectively attached, reducing the surface area of the elec-
trode. The surface structure of the fabricated activated carbon
electrode is shown in Fig. 5. It clearly indicates that the
stainless steel gauze was effectively covered by activated
carbon. Several tests have been conducted to examine the
strength and durability of the fabricated activated carbon
electrode. The activated carbon electrode prepared in this
study did not fall off (show damage) after the electrode surface
was rubbed by hand. This indicates that PVdF polymer binder
was effectively bonded with the activated carbon particles.
The activated carbon electrode was also not soluble afteraterial costs for fabrication of activated carbon electrode.
Notes
ranium to recover in a year
electrosorption experiment
number e value used in calculation
wt% of the activated carbon electrode, obtained from experiment
wt% of the activated carbon electrode, obtained from experiment
5  104 m2/g-activated carbon electrode, obtained from experiment
lifetime as number of recycles
lidenefluoride.
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Fig. 3 e Nitrogen sorption isotherm for the activated carbon
electrode.
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Fig. 4 e BarreteJoynereHalenda pore distribution for the
activated carbon.
Fig. 5 e Surface image of activated carbon electrode. (A)
Stainless steel gauze before painting with carbon slurry
and (B, C) surface structure of activated carbon electrode at
100 mm and 20 mm respectively.
Nu c l E n g T e c h n o l 4 7 ( 2 0 1 5 ) 5 7 9e5 8 7 583being heated in 80C of water for 3 hours. Furthermore, it
showed no damage after being heated at 200C for 1 hour in
the oven. This situation demonstrated that the thermal sta-
bility and mechanical strength of the fabricated electrode
were adequate for electrosorption purposes. PVdF polymer
binder is known to have excellent chemical and thermal sta-
bility [39].Table 4 e Pore structure of activated carbon powder and
the fabricated activated carbon electrode.
Characteristic Activated carbon
powder
Activated carbon
electrode
BET surface area 1,024 m2/g 50 m2/g
Total pore volume 0.8 cm3/g 0.06 cm3/g
Pores size 3.1 nm 5.0 nm
BET, BrunauereEmmetteTeller.3.2. Effect of applied potential on uranium sorption
The effect of the applied voltage potential change ranging
from þ0.2V to þ0.8V (vs Ag/AgCl) on the electrosorption of
uranium ions from seawater is shown in Fig. 6. The experi-
mental results indicate that the adsorption performance of
the activated carbon electrodewas influenced by the potential
applied to the electrode. As indicated in Fig. 6, electrosorption
of uranium ions are more favorable at þ0.4V (vs. Ag/AgCl).
This finding is in agreement with the redox potential of
[UO2(CO3)3]
4, which is in the range of 0.4V to 0.5V [40]. Elec-
trosorption of uranium ions into the fabricated activated
carbon electrode was found to be highest at 0.4V and decrease
in the order of 0.4V > 0.6V > 0.2V > 0.8V. At þ0.4V of applied
Electrosorption time (min)
0 100 200 300
C
/C
o
0.0
0.2
0.4
0.6
0.8
1.0
1.2
+0.4 V
+0.2 V
+0.6 V
+0.8 V
Fig. 6 e Electrosorption of uranium ions from seawater at
various potential (vs. Ag/AgCl).
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Fig. 7 e Electrosorption performance of chloride ions at
þ0.4V (vs. Ag/AgCl) of applied potential.
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Fig. 8 e Electrosorption of cation species at þ0.4V (vs. Ag/
AgCl) of applied potential.
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seawater decreased sharply after 60 minutes and still showed
decreasing behavior after 300 minutes of the electrosorption
experiment. This situation may indicate that the pore struc-
tures in the activated carbon electrodewere not fully occupied
by uranium ions during the experimental periods.
In addition, good selectivity was noted for uranium ions
compared to chloride (Cl) ions even though the uranium
concentration was much lower than the Cl concentration in
the tested seawater. As a comparison, the electrosorption of
Cl ions atþ0.4V (vs. Ag/AgCl) is shown in Fig. 7. After the first
5 minutes, the adsorption of Cl ions onto the activated car-
bon electrodes becomes consistent throughout 300minutes of
electrosorption experiments. The high selectivity behavior is
expected to be due to the size of uranium ions. The uranium
ion is one of the largest ions in seawater [6]. In the electro-
sorption process, the relationship between the size of the ions
and the pore size is one of the key properties when porous
materials are immersed in an electrolyte solution [37]. In a
mixture of electrolyte containing multiple ions, the selectivity
of ions depends on the size, charge, and degree of complex-
ation of the different ions [41]. In addition, the high selectivity
of uranium by the electrosorption approach was also reported
due to the differences in charge density of ions [32].
The effect of the applied potential on cation species is
shown in Fig. 8. Initial concentrations of cation species are
shown in Table 2. The concentrations of cation species did not
significantly change during the electrosorption process. It is
believed that cation species tend to move away from the
activated carbon electrode due to having the same charge (þve
charge) as applied to the electrode.
In order to confirm that the decrease of the uranium ions in
the seawater samples are due to the electrosorption process
instead of deposition on the inner surface of the round flask
used in the experiment, the round flaskwas analyzed after the
experiments. The round flask was filled with ultrapure water
and shaken several times. The ultrapure water was then
analyzed using ICP-MS to determine the presence of uranium.
No uranium was found in the water used to wash the roundflask, which indicates that the uranium ions in seawater were
adsorbed by the activated carbon electrode during the elec-
trosorption experiments.
3.3. Uranium uptake and adsorbent performance
Time-dependent estimates of uranium adsorption efficiency
(Uremoval) and uranium uptake (mu) of the activated carbon
electrodes (AC) are given in Table 5. The highest uranium
adsorption efficiency was 40%, which is observed at þ0.4V (vs
Ag/AgCl) at 300 minutes of the electrosorption experiment.
This adsorption efficiency is equivalent to 3.4 g-U/kg-AC of
uranium uptake. The comparison of adsorbent performance
obtained in this researchwith other researchwork is shown in
Table 6. Results indicate that the performance of the activated
carbon electrode (adsorbent material) developed in this
research is comparable with that of the existing adsorbent
materials (e.g., amidoxime). While other adsorbent materials
were tested for longer periods (50e60 days), the adsorbent
Table 5 e Removal efficiency and uranium uptake of the
fabricated carbon electrode.
Applied
potential (V)
Electrosorption time (min)
5 15 30 60 120 180 300
Adsorption efficiency (Uremoval)
þ0.2 0 0 0 0 0 0 23
þ0.4 0 0 0 0 9 33 40
þ0.6 0 0 0 0 0 0 23
þ0.8 0 0 0 0 0 0 0
Uranium uptake mu (g U/kg activated carbon)
þ0.2 0 0 0 0 0 0 1.6
þ0.4 0 0 0 0 0.56 2.2 3.4
þ0.6 0 0 0 0 0 0 1.6
þ0.8 0 0 0 0 0 0 0
Nu c l E n g T e c h n o l 4 7 ( 2 0 1 5 ) 5 7 9e5 8 7 585material in this research was tested only for 300 minutes. In
addition, the adsorbentmaterial used in this study still did not
reach the maximum adsorbent capacity after 300 minutes of
testing. If the electrosorption time is extended, the adsorbent
performance is expected to improve.3.4. Chemical and material cost assessment
As part of the feasibility examination, an assessment of the
chemical and material costs was made based on a test case
problem. The test case was to extract 1,200 tonnes of uraniumTable 6 e Comparison of adsorbent performance developed in
Adsorbent Performance (g U/kg absorbent)
Amidoxime 2.0
Amidoxime-based material 3.3
This research
(activated carbon electrode)
3.4
Table 7 e Parameters used to analyze the cost of chemicals an
Parameter JAEA
Annual uranium production 1,200
Adsorbent type Amidoxime-based
Adsorbent performance 2
Adsorbent cycle 6
Adsorption period 60 d
Table 8 e The estimation of annual chemical andmaterial requ
carbon electrode).
Chemical/material Cost
1 3
Activated carbon $1,000/ton 353,000 118,000
Polyvinylidene fluoride) $500/ton 176,500 59,000
N,N-Dimethylacetamide $200/ton 530,000 176,500
Stainless steel gauze $3/m2 1,770 Eþ03 m2 147 Eþ03 m2per year. The 1,200 tonnes of uranium/y was chosen for
comparison with a study using amidoxime-based adsorbent
materials developed by Japan Atomic Energy Agency (JAEA).
As part of the test case problem, a conceptual design of a
uranium extraction system was developed to accommodate
the activated carbon electrode (adsorbent material) for elec-
trosorption. For the circulation of seawater in the system, both
active pumping and passive circulation systems were
considered. Details of the design are still under investigation
and will be determined in the future. The design parameters
for the assessment, and the annual materials requirements
are shown in Tables 7 and 8, respectively. The listed price for
the chemicals and materials were based on an average esti-
mate. The price might increase or decrease depending on the
grade/quality of the material, as well as the bulk quantity
purchased. Also, increase in adsorbent usage through recy-
cling will decrease thematerial requirement in the fabrication
of activated carbon electrode. Reduction in the consumption
of raw materials will reduce the cost for chemicals and ma-
terials as shown in Fig. 9. As indicated in Fig. 9, the cost of one-
cycle usage of activated carbon electrode was estimated to be
552.5 million USD. This value is significantly higher compared
to that of amidoxime-based adsorbent material. The cost of
six-cycle usage of amidoxime-based adsorbent materials to
extract the same amount of uranium (1,200 tons/y) was 397
million USD [42]. If the usage cycle of the activated carbon
electrode is increased, the total cost of chemicals and mate-
rials is expected to be lower. If 6-cycle usage of activatedthis research with other research.
Notes
 Developed in Japan [30]
 Tested in seawater for 60 days
 Developed at PNL [42]
 Tested in seawater for 60 days
 Tested for 300 minutes by batch-mode electrosorption technique.
 Not yet reached the maximum adsorbent capacity
d materials for adsorbent materials.
This research Unit
1,200 Tonnes/y
Activated carbon electrode N/A
3.4 kg-U/tonnes-Ads
1, 3, 6, 10, 20 N/A
400 times/200 d (300 min/adsorption) N/A
irements for the fabrication of adsorbentmaterial (activated
Annual requirement (tons/y)
Adsorbent cycle (reuse)
6 10 15 20
59,000 35,300 23,530 17,650
29,500 17,650 11,765 8,825
88,300 53,000 35,300 26,500
73.5 Eþ03 m2 44.1 Eþ03 m2 29.4 Eþ03 m2 22.1 Eþ03 m2
Adsorbent reuse
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Fig. 9 e The estimation of total chemical and material costs
in the fabrication of activated carbon electrodes to extract
1,200 ton of uranium/y.
Nu c l E n g T e c h n o l 4 7 ( 2 0 1 5 ) 5 7 9e5 8 7586carbon electrode was assumed, the estimated material cost
drops to 91.6 million USD, which is much lower compared to
that of the amidoxime-based adsorbent material. The total
cost will continue to decrease with the increase in the usage
cycle (e.g., up to 20 times).4. Conclusion
This research investigated the utilization of activated carbon
electrodes as a candidate material to adsorb uranium ions
from seawater based on the electrosorption technique. The
activated carbon electrode developed in this research was
shown to have good thermal stability and mechanical
strength for the intended applications. The electrosorption
experiments using the fabricated activated carbon electrode
indicated good performance of uranium adsorption in the
presence of competing ions. Uranium uptake for the fabri-
cated activated carbon electrode after being tested atþ0.4V for
300minutes was estimated at 3.4 g U/kg adsorbant. This value
was not at the maximum adsorbent capacity yet. If the elec-
trosorption period is extended, the uranium uptake of the
activated carbon is expected to increase. The cost of chemicals
and materials in the intended application of uranium extrac-
tion was also estimated. The cost was significantly influenced
by the adsorbent usage cycle: increase in the adsorbent usage
cycle decreases the cost of chemicals and materials. Although
this research shows initial promise of the electrosorption
technique using the activated carbon electrode for uranium
extraction from seawater, further investigations are needed
before making conclusions on this technique. The effect of
usage cycle to the performance of the activated carbon elec-
trode must be investigated. In addition, techniques for
desorption of the adsorbed uranium from the activated car-
bon electrodemust be developed. The desorption technique of
uranium is currently being examined in our laboratory. The
performance of the activated carbon electrode developedmight change in the future depending upon the outcome of
this examination. More importantly, the cost associated with
the electrosorption operation in seawater, including the cap-
ital and operation, and maintenance costs, needs to be esti-
mated and comparedwith the current state-of-the-art process
to confirm the feasibility of the proposed approach.Conflicts of interest
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